ABSTRACT: An intensively investigated intermediate state of protein folding is the molten globule (MG) state, which contains secondary but hardly any tertiary structure. In previous work, we have determined the distances between interacting spins within maltose binding protein (MBP) in its native state using continuous wave and double electron− electron resonance (DEER) electron paramagnetic resonance (EPR) spectroscopy. Seven double mutants had been employed to investigate the structure within the two domains of MBP. DEER data nicely corroborated the previously available X-ray data. Even in its MG state, MBP is known to still bind its ligand maltose. We therefore hypothesized that there must be a defined structure around the binding pocket of MBP already in the absence of tertiary structure. Here we have investigated the functional and structural difference between native and MG state in the open and closed form with a new set of MBP mutants. In these, the spin-label positions were placed near the active site. Binding of its ligands leads to a conformational change from open to closed state, where the two domains are more closely together. The complete set of MBP mutants was analyzed at pH 3.2 (MG) and pH 7.4 (native state) using double-quantum coherence EPR. The values were compared with theoretical predictions of distances between the labels in biradicals constructed by molecular modeling from the crystal structures of MBP in open and closed form and were found to be in excellent agreement. Measurements show a defined structure around the binding pocket of MBP in MG, which explains maltose binding. A new and important finding is that in both states ligand-free MBP can be found in open and closed form, while ligand-bound MBP appears only in closed form because of maltose binding.
T he complex mechanisms of protein folding are still not well understood, although they play an important role in protein function and biological processes. 1 Most models of protein folding introduce so-called "folding pathways", where protein folding is a process of multidimensional routes and intermediate conformations strongly influenced by their environment instead of a single route. 2 The molten globule (MG) state is an intermediate in this process and is therefore extensively examined as a key in understanding protein folding. 3 It contains a nativelike secondary structure but fluctuating tertiary structures. 4 MG states contain exposed hydrophobic pockets that allow for reaction with the dye 8-anilinonaphthalene-1-sulfonic acid (ANS). Circular dichroism, fluorescence spectroscopy, and nuclear magnetic resonance have been employed to examine the MG. 5 Relative to the methods mentioned above, electron paramagnetic resonance (EPR) together with site-directed spin labeling yields complementary information about the distance between the spin-labels at selected positions within the biological molecule. 6, 7 In combination with molecular dynamics (MD) simulations, measured distances of spin-labels can be related to specific protein models and conformations. 8 The reason to use double-quantum coherence (DQC) EPR is that in most cases a considerably better Tikhonov reconstruction of P(r) could be achieved (see the Supporting Information). 6,9−12 It works very well over a broad range of distances, which includes the short distance range down to ∼1 nm, yielding very good sensitivity. 13−16 Low-background dipolar traces in DQC simplify the reconstruction by the typically used L-curve regularization method. 11, 17 Maltose binding protein (MBP) is a 370-amino acid, periplasmic protein of Escherichia coli involved in chemotaxis for the uptake of a range of maltose sugars. MBP is a singlechain monomeric two-domain protein devoid of any cofactors. 18 Binding of its ligands leads to a conformational change from open ( Figure 1 ) to closed state, where the two domains are more closely together. It has been employed extensively to monitor folding dynamics and to determine the corresponding thermodynamic parameters. Unlike other large proteins, MBP undergoes reversible unfolding and the MG state can be stabilized at pH 3.2. 4 ITC measurements show that even in its MG state MBP can still bind its ligand, maltose. 19, 20 ■ MATERIALS AND METHODS Materials. All reagents were from commercial sources and of analytical grade. (1-Oxyl-2,2,5,5-tetramethyl-pyrroline-3-methyl)-methanethiosulfonate (MTS) was a kind gift from K. Hideg (University of Pećs, Pećs, Hungary).
Mutants and Plasmids. The plasmids of double mutants MBP 09 (P298C_R316C), 10 (N234C_D296C), and 11 (N234C_K015C) were constructed by site-directed mutagenesis employing standard techniques. 21 Mutants MBP 01 (P298C_T031C), 02 (P298C_D082C), 03 (P298C_N124C), 0 4 ( P 2 9 8 C _ K 1 7 5 C ) , 0 5 ( P 2 9 8 C _ K 3 1 3 C ) , 0 6 (P298C_Q325C), and 07 (P298C_S238C) are described in ref 22 . An overview of the complete set of mutants and their positions is given in Figure 1 .
The complete MBP sequences of all mutants were determined by Sanger sequencing at Seq-it, Kaiserslautern, Germany.
Protein Purification, Spin Labeling, and Sample Preparation. Wild type (WT) (UniProtKB entry P0AEX9) and mutant proteins were expressed in E. coli strain DH5α. 4 Cells were grown in TB medium containing 100 μg/mL ampicillin at 37°C. The culture was induced with 2 mM isopropyl β-D-thiogalactopyranoside (IPTG) at an OD 600 of 2. After being incubated for 12 h, cells were pelleted at 6000 rpm and 4°C and washed by being resuspended in 20 mM TrisNaCl buffer (pH 7.4). Cell lysis was achieved through processing in a French press. The lysate was subjected to centrifugation at 13000 rpm and 4°C before the proteins were extracted by affinity chromatography on an amylose column at 4°C. 23 To remove maltose, MBP was dialyzed at room temperature in Tris-NaCl buffer containing 6 M urea to completely release maltose from MBP. MBP was slowly refolded by drop dilution in Tris-NaCl buffer and concentrated on a Q-Sepharose column. The protein concentration was estimated by the method of Lowry with bicinchoninic acid (BCA), and the purity of the proteins was assayed by sodium dodecyl sulfate− polyacrylamide gel electrophoresis and matrix-assisted laser desorption ionization time-of-flight mass spectrometry. The removal of maltose was proven by a coupled maltose assay (Sigma-Aldrich) in which maltose was degraded to glucose (α-glucosidase) and further phosphorylated (hexokinase) and dehydrogenated (glucose-6-phosphate dehydrogenase) to 6-phosphogluconate. 20 Spin labeling was performed as described in ref 22 with the exception that desalting and buffer exchange were achieved through dialysis (under dark conditions) instead of a PD-10 column and a 3-fold molar excess of MTS was used. The protein samples for MG measurements were slowly adjusted to pH 3.2 during dialyses (under dark conditions).
The EPR samples were prepared in CGH5 (citrate, glycine, and HEPES, 5 mM each) buffer with 50−100 μM protein, 20% (v/v) glycerol, and 20 mM maltose if required.
All of the samples were shock frozen and stored at −80°C until they were used.
EPR Experiment. The DQC and DEER experiments were performed at ACERT, Ithaca, New York, USA.
Pulse dipolar EPR spectroscopy (PDS) experiments on MBP samples were performed at 60 K and a 17.3 GHz frequency using a home-built Ku-band PDS spectrometer at ACERT. 24, 25 All MBP samples were measured by DQC using the six-pulse sequence
−echo for all conditions. 10, 11 In addition, DEER measurements were taken on selected samples, which all had distances well in the "DEER range" for all four conditions used. 26, 27 DQC in most cases used π/2 and π pulses of 3 and 6 ns, respectively, and the sequence was applied at the center of the spectrum. DEER used 16 and 32 ns pulses for detection and a 16 ns pump pulse. The setup for DEER was standard with the detection sequences applied at the low-field edge of the spectrum. 28 Examples of DQC and (some) DEER data are included in the Supporting Information. The rest of the data that is not shown was of the same quality. The data were collected usually in 1−4 h, but ∼12 h was used in several cases to yield high 
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Article SNR. The time-domain DEER data were always in very good agreement with the respective DQC data, and the distance distributions, P(r)'s, were thus close to that obtained from DQC, agreeing well, for example, in the bimodal characters and other details. This also indicated that these details were unlikely to originate from (usually weak) orientation effects.
The L-curve Tikhonov regularization followed by the refinement with the maximum-entropy method was used for distance reconstruction. 17, 29 Because the DQC data had only a very small background, the backgrounds were approximated accurately by a linear function and subtracted out. The stability of distance reconstruction was high in DQC, and the results have shown only a very minor contribution of spurious peaks, which is characteristic for DQC and is clear from the examples in the Supporting Information.
MD Simulation. For the MD simulation of MBP, the software Accelrys Discovery Studio 2.5.5 and the X-ray structures 1ANF and 1OMP from the RCSB Protein Data Bank were used. 30 The structures were typed by the CHARMm force field and minimized. For all simulations, the implicit water model generalized Born with a simple switching (dielectric constant of 1, implicit solvent dielectric constant of 80, nonpolar surface area of true, salt concentration of 0, van der Waals radii, and molecular surface of true), a dynamic integrator of Leapfrog Verlet, a nonbond list radius of 14, spherical cutoff electrostatics, and no SHAKE constraint were used. For energy minimization, a minimization cascade of steepest descent followed by conjugated gradient and adopted basis Newton−Raphson algorithm was used. For the simulation of 1OMP, the ligand maltose was removed. Water molecules were removed from both structures.
All mutants were simulated through mutation of the pair of respective cysteines, addition of MTS fragments to the sulfide groups, and retyping by the CHARMm force field. To find an appropriate starting position for dynamic simulation, the complete system was at first minimized with fixed constraints over the complete protein area, including the ligand without cysteines and MTS. The minimization was continued using harmonic restraints with a force constant of 8 over the same area and again using harmonic restraints with a force constant of 4 over all hydrophobic amino acids, including the ligand without cysteines (Hydrophob-Cys). Then an explicit water environment was placed around the MTS binding site using explicit spherical boundary with harmonic restraint with a sphere radius of 1.5 nm to obtain a realistic environment for the spin-label. 31 For the dynamic simulation of the complete system, harmonic restraints with a force constant of 0.2 for all water molecules and the restraints Hydrophob-Cys were used.
The MTS distance area was determined in the 40 ps production step of a dynamic cascade simulation (minimization, heating and cooling, equilibration, production).
■ RESULTS AND DISCUSSION
The Open and Closed Form Can Be Detected for Ligand-Free MBP. The EPR measurements show in most cases more rotamers of MBP and a different proportion of distances in the ligand-free MBP than in the MBP samples with an excess of maltose.
The MTS distances in open and closed state MBP are calculated through MD simulation and fit very well in comparison to DQC data. Because of this comparison, these rotamers can be assigned to open and closed state MBP. The loss of signal for the rotamers assigned to open state MBP in maltose-bound DQC measurements confirms these assignments ( Figure 3) .
As an example, the distance distribution of MBP 07 at pH 7 without maltose is shown in Figure 2 Figure 3g and the Supporting Information.
The comparison between simulated distances and DQC data for open and closed state MBP for all mutants is shown in Table 1 . DQC distance distributions can be seen in Figure 3 .
For mutants MBP 09 and 10, the closed state could not be measured because of the <1 nm distance. In the case of MBP 04 at pH 7 with maltose, no DQC distance could be obtained, and because of the already high level of agreement of spectra between maltose-bound native and MG structure, the measurement was not repeated. Table 1 shows the high level of agreement of MD simulated data and DQC measurements for all mutants. Mutants MBP 01−07 represent distances covering a broad range of the structure of the complete protein as described in ref 22 . Mutants 09−11 provide further insight into the structure near the active binding site. In combination, good insight about the overall protein conformation is obtained.
The Supporting Information provides typical examples and their detailed interpretation of the DQC spectra for mutants 01 ( Figure S5 ), 07 ( Figure S6 ), and 09 ( Figure S7) .
In most cases, the distances in open state MBP are larger than in closed state MBP, but as shown in simulated data and the accompanying loss of signal with excess of maltose, mutants MBP 04 and MBP 02 are exceptions. In those, the MTS distance in the closed state is larger than in the open state, which can be seen in the MD simulation (Table 1) and explained by the cysteine position and adjustment of the spinlabel. The measurements of MBP 02 show only a small difference, while MBP 04 presents a large difference of ∼1 nm in the MTS distance between both states.
For ligand-bound mutant MBP 02, the major closed state rotamer can be found at 3.4 nm in addition to a minor rotamer at 4.1 nm, which is not seen in the absence of maltose, when the open form dominates. As open and closed forms overlap at 3.3 and 3.6 nm, individual rotamers are not clearly visible. Even in the MG State, the Structure of MBP Resembles the Structure of the Native State. As shown by ANS binding and CD measurements, MBP is in a stabilized MG state at pH 3.2. 19 We verified that all MBP double mutants also show the loss of tertiary structure as demonstrated by ANS binding measurements at pH 3.2 as shown for example in ref 22 .
DQC measurements compared between the native and MG state only show a small broadening of peaks in the case of pH 3.2 as one can see in Figure 3 . All rotamers of open and closed state MBP can be found in native and MG measurements, so the simulated MTS distances in Table 1 can be applied to determine the open and closed states of MBP in the MG state.
Earlier findings of DEER measurements for MBP 03 at pH 3.3 published in ref 22 pointing to individual helices pointing in all possible directions for MBP in MG can now be newly interpreted. Those earlier data showed two broad peaks at 2.67 and 3.85 nm that can be now connected to open and closed state MBP through loss of maltose through sample preparation and pH adjustment, exactly explaining the newly formed peak in the pH 3.3 measurement.
In the measurements of label positions farther from the maltose binding pocket (MBP 01−06) a stronger tendency to the open state in case of ligand-free MBP can be seen for the MG state. In the presence of an excess of maltose, only the closed state of MBP can be detected even in the MG state. In the vicinity of the active site (MBP 07−11), the structures hardly differ between the MG and native state as shown by EPR spectroscopy. These findings corroborate previous findings that MBP can still bind maltose in the MG state and confirm the assumption that a defined structure of MBP exists near the binding pocket even in the MG state. 
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Article corroborates previous findings of Reif and co-workers that MalF interacts with MBP in a manner independent of maltose. 32 Through DQC measurements, it was proven that MBP keeps a nativelike structure, especially around the binding pocket, in the MG state, thus explaining the ability of MBP to bind its ligands in the MG state. Open and closed forms of MBP exist in the absence of maltose, both in the native and in the MG form. 
